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TROPOSPH ERIC OZON E  

SCIENTIFIC S U M MARY 

A concerted effort continues in the deduction of trends in tropospheric ozone from the sparse in situ record. 
Trends are reported regionally or at stations where monitoring is conducted. Surface ozone increases, typically observed 
in N orthern Hemisphere midlatitudes, have slowed considerably in the past decade. At the South Pole, there continues 
to be a decrease in surface ozone associated with the Antarctic lower stratospheric ozone depletion. 

Since the 1 994 Assessment (WMO, 1 995),  a thorough evaluation of tropospheric ozone profiles can be summa­
rized as follows : 

Midlatitude : Three stations over Europe, which have had the greatest increases in free tropospheric ozone 
since 1 970, show a major change in trends since 1 980 .  Only Payerne shows an increase during the period 
1 980- 1 996; Uccle shows no change and Hohenpeissenberg a statistically marginal decrease. The two U.S .  
stations with regular ozonesonde launches (Wallops Island and Boulder) also show no significant change 
or a slight decrease since 1 980 .  Of three Japanese stations, two show increases of 5 - 1 5%/decade, though 
not all significant; one station shows no trend. Canadian stations show a small decrease in free tropo­
spheric ozone since 1 980 .  

Tropics and Southern Hemisphere : There is only one tropical site with sufficient data for trends : Natal, 
Brazil, shows a 1 0-20%/decade increase only in the middle troposphere and possibly not significant; the 
record becomes too sparse for trends after 1 992. There is no trend in free tropospheric ozone at Lauder, 
New Zealand, where the record began in 1 986.  

Observations of ozone and other photochemically reactive species during field campaigns have been made with 
greater focus on understanding the interaction of chemistry and dynamics on local scales .  Processes affecting 
reactive nitrogen species have been elucidated on several intensive campaigns. The free tropospheric nitric 
oxide (NO) and total reactive nitrogen climatology has been extended in aircraft campaigns in both Northern 
and Southern Hemispheres .  Systematic sampling has extended the NO database along commercial aviation 
routes .  Continental outflow downwind of industrial activity in Northern Hemisphere midlatitudes strongly 
enhances ozone budgets over large regions of the North Atlantic and North Pacific. Measurement campaigns in 
the tropics and subtropics show continental influences from long-range transport ofbiomass-burning emissions, 
although NO from lightning may also play a significant role in the tropical ozone budget. 

Reliable instrumentation for hydroxyl radicals (OH), hydroperoxyl radicals (H02), and organic peroxyl 
radicals (R02) has been a breakthrough development since the last Assessment. Intercomparisons on the 
ground, and model interpretation of ground-based and airborne OH and related measurements show that 
our theoretical understanding ofOH is not complete . With the constraint of ancillary measurements, it can 
be shown that data-model discrepancies tend to be greatest under polluted conditions and that odd hydro­
gen (HOJ sinks, rather than sources, are probably not accounted for. In the upper troposphere, under 
certain conditions, acetone and the recycling of peroxides following deep convective transport appear to 
be important HOx sources. On a global scale, inferences about the total OH budget range from no trend in 
the past decade to a slightly positive trend. 

Model intercomparisons and uncertainty studies  show that photolysis rates ,  representations of 
stratospheric-tropospheric exchange, and imprecise pathways in organic oxidation chains continue to limit 
the reliability of models used in interpretive ozone studies and predictions .  Models continue to suggest 
intriguing possibilities for heterogeneous and multiphase reactions affecting ozone in a major way, but 
experimental confirmation is lacking for the most part. 

8. 1 
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Large-scale ozone distributions calculated in  global chemistry-transport models (CTMs) are in  fair accord 
with the sparse measurements and historical ozone data. However, the agreement between models and 
measurements on regional and smaller scales is more difficult to achieve. The quality of simulations is 
probably most limited by the treatment of convection and other sub-grid dynamical processes as well as 
complex chemical pathways near ozone precursor source regions. 

8. 2 



8.1 OZO N E  OV ERVIEW 

8.1.1 Introduction 

In the previous World Meteorological Organ­
ization/United Nations Environment Programme (WMO/ 
UNEP) Ozone Asses sment (WMO, 1 99 5 ) ,  it was 
concluded that tropospheric ozone and several related 
trace gases have been perturbed significantly, at least 
over some large regions. These changes are likely to 
have modified atmospheric oxidizing capacity (Thomp­
son, 1 992) in the past century. Changes in low-latitude 
and summertime free tropospheric ozone may have 
affected radiative forcing and contributed to climate 
change (Chapter 1 0) .  

Quantitative assessment of tropospheric ozone, 
ozone precursors, and OH (hydroxyl radical) distri­
butions and trends depends on our abi lity to self­
consistently relate : 

Ozone precursor sources and emissions; 
Mechanisms of ozone and hydroxyl radical 
formation and loss; 
Observations of ozone, OH, and precursors ; 
Model results and observations of ozone. 

The purpose of this chapter is to assess recent 
advances in these areas. This section summarizes the 
overall picture of tropospheric ozone and is followed 
by sections on trends (Section 8 .2) ,  anthropogenic 
perturbations of tropospheric ozone (Section 8 .3) ,  and 
key processes affecting ozone (Section 8 .4) .  Models 
of tropospheric ozone are covered in Section 8 . 5 .  
Stratospheric ozone depletion i s  affected by changes in 
the lifetime of a number of trace gases that are affected 
by the global OH abundance (Section 8 . 6) and by the 
reactivity ofCFC substitutes and related species (Section 
8 .7) .  

8.1.2 Photochemica l  Ozone Formation and 
Precursor Roles 

Both regional and global chemistry-transport 
models are used to estimate exports from the polluted 
boundary layer in industrialized or biomass-burning 
regions to more remote environments.  Near source 
regions, ozone is formed from carbon monoxide (CO), 
methane (CH4), and nonmethane hydrocarbon (NMHC) 
chemistry in the presence of nitrogen oxides (NOx) ; 
export of these gases out of the polluted boundary layer 
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by convection and synoptic motions can then perturb the 
global atmosphere. Results from a 3-D model simulation 
for North America indicate that 50% of ozone (03) 
produced in the continental boundary layer is exported 
to the global troposphere on an annual mean basis, and 
that 20% of anthropogenic NOx emitted in the United 
States is exported as NOx or peroxyacetyl nitrate (PAN) 
(Horowitz et al. ,  1 998 ;  Liang et al. , 1 998) .  Regional 
contributions to the ozone budget are discussed further 
in Section 8 . 5 .  

8.1.3 Stratosphere-Troposphere Exchange 

Since the last Assessment's review of the role of 
strato sphere-troposphere exchange ( S TE) in the 
tropospheric ozone budget (WMO, 1 995) ,  most studies 
have focused on mass exchanges across the tropopause 
(Holton et al . ,  1 995) .  The extratropical lowermost 
stratosphere, a few-kilometer-thick transition layer, is 
influenced by one-way downward transport across the 
400-K level as well as two-way exchange across the 
tropopause (Dessler et al.,  1 995 ;  Lelieveld et al. , 1 997; 
Roelofs and Lelieveld, 1 997) .  Observations of STE 
events ,  e . g . ,  tropopause folds ,  cut-off lows , and 
occasional penetration of the stratosphere by convection, 
show that these processes are significant, but their 
episodic nature makes them difficult to assess. Most of 
the observations are from aircraft although penetration 
of stratospheric air parcels toward the surface has been 
detected by measurements at high altitudes (Sunwoo et 

al., 1 994; Elbem et al. , 1 997). 
Calculations of the contribution by STE to tro­

pospheric 03 are to a large extent dependent on three­
dimensional chemistry-transport models (see Section 
8 . 5 .4). Exceptions are the studies by Murphy and Fahey 
( 1 994) and Gettelman et al. ( 1 997). Murphy and Fahey 
used observed correlations with nitrous oxide (N20) and 
constrained the STE 03 flux to 200-900 Tg/yr. This 
roughly coincides with the range of results obtained with 
models, although most models indicate an STE 03 flux 
exceeding 400 Tg/yr (WMO, 1 995) .  Gettelman et al. 

( 1 997) combined air mass fluxes, derived from United 
Kingdom Meteorological Office (UKMO) analyzed 
meteorological fields, with ozone observations from the 
Upper Atmosphere Research Satellite (UARS). They 
obtained a global mean ozone flux to the troposphere of 
5 1 0  Tg/yr (450-590 Tg/yr) . The agreement with recent 
modeling studies is encouraging. However, this may be 
fortuitous because these models are applied in relatively 
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Table 8-1. Estimated emissions of ozone precursors. Best estimates are listed, with ranges given in 
parentheses. 

Sources CH4 {Tg/yr) CO {Tg/yr) NMHC (Tg C/yr) NOx (Tg N/yr) 

Energy use 1 1 0  (65- 1 55) 500 (300-900) 70 (60- 1 00) 22 (20-24) 
Aircraft 0 .5  (0.2- 1 )  
Biomass burning 40 ( 1 0-70) 500 (400-700) 40 (30-90) 8 (3- 1 3) 
Vegetation 1 00 (60- 1 60) 400 (230- 1 1 50) 
Soils 7 (5- 1 2) 
Lightning 5 (2-20) 
Ruminants 85 (60- 1 05) 
Rice paddies 80 (30- 1 20) 
Animal wastes 30 ( 1 5 -45) 
Landfills 40 (20-60) 
NH3 oxidation 0 .9  (0- 1 .6) 
N20 breakdown* 0 .6  (0.4- 1 )  
Domestic sewage 25 (20-30) 
Wetlands 1 45 ( 1 1 5- 1 75) 
Oceans 1 0  (5- 1 5) 50 (20-200) 50 (20- 1 50) 
Freshwaters 5 ( 1 - 1 0) 
CH4 hydrates 1 0  (5 - 1 5) 
Termites 20 ( 1 -40) 
Total 600 (520-680) 1150 (780- 1 960) 560 (340- 1 490) 44 (30-73) 

* NOY produced in the stratosphere and transported to the troposphere. 

coarse resolution (typically > 1 00 km); Mahlman ( 1 997) 
suggests that higher resolution models are required. 

8.2 OZONE TRENDS 

This section is an update on tropospheric ozone 
trends since the previous Assessment (WMO, 1 995 ,  
Chapters 5 and 7) . I t  begins with an update on budgets 
of two ozone precursors, NOx and NMHC; trends in the 
other important 03 precursors, methane and CO, are 
covered in Chapter 2 (Section 2.5) .  Because tropospheric 
ozone is not measured globally by satellite, except in 
limited regions, the amount of data available for trends 
analysis is limited to surface monitoring sites and a few 
stations where ozonesonde launches have been of 
consistent frequency and quality for deduction of trends. 

8.2.1 Ozone Precursor Trends 

8.2.1.1 NITROGEN OXIDES 

Estimates of nitrogen oxide emiss ions have 
recently been assessed by Benkovitz et al. ( 1 996) and 
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Lee et al. ( 1 997a) .  Yienger and Levy ( 1 995) estimated 
soil nitric oxide (NO) emissions and concluded that 
anthropogenic land-use significantly enhances the natural 
emissions . It appears that in the tropics, soil emissions 
(5 - 1 2  Tg N/yr) account for more than 50% of the 
tropospheric NOx budget. The natural NOx source from 
lightning has been reevaluated and is almost certainly 
less than 20 Tg N/yr and probably less than 1 0  Tg N/yr 
(Lawrence et al . ,  1 995 ;  Price et al. , 1 997) .  In con­
structing a global monthly climatology oflightning NOx, 
Price et al. ( 1 997) found that the main uncertainties in 
quantifying the lightning NOx source are related to the 
energy densities in lightning strokes ,  the NOx production 
per unit energy, and the global extrapolation of these 
highly variable processes. 

Biomass burning constitutes an important an­
thropogenic NOx source in the tropics and subtropics of 
the Americas, Africa, and southern Asia, contributing 3 -
1 3  Tg N/yr. The relatively large uncertainty range is 
mostly due to the limited information available about 
the amount ofbiomass burned in forest and savanna fires 
and the nitrogen content of the fuel. In comparison with 



fossil fuel combustion, biomass burning occurs at much 
lower temperatures, so that NOx production from N2 and 
02 conversion is much less efficient. Most biomass­
burning NOx results from organic nitrogen transformation 
while a substantial part ofthe emissions occur as reduced 
nitrogen species (Lobert et al., 1991). 

The dominant contemporary source ofNOx to the 
atmosphere is fossil fuel combustion (Table 8 -1  ). 
However, some national emission inventories have un­
certainties as large as 50%. Nevertheless, there is no 
doubt that in the U.S. (EPA, 1996) and Europe (Veldt, 
1985) anthropogenic emissions ofNOx and NMHC in 
both regions were very much lower in the beginning of 
this century than at present. Emissions in the U.S. 
increased from about 0. 7 5 T g N in 1900 to about 6 T g N 
at present. In discussing recent trends in NOx, it is useful 
to separate emissions from fossil fuel combustion in the 
boundary layer ("surface" sources) and from aircraft. 
Surface emissions ofNOx increased by 20% from 1970 
to 1980 in the United States and by 27% in Western 
Europe, and remained approximately constant up to 1990, 
as reviewed by Logan (1994). U.S. emissions stayed 
constant until 1994, then decreased by 9% in 1995 
(EPA, 1996). Comparison of the CORINAIR (COre 
INventories AIR) inventories for 1990 and 1994 indicates 
that emissions in western Europe ( 16 countries including 
eastern Germany in 1990) decreased by 8% from 1990 
to 1994. The countries with the largest emissions trends 
were : Germany, -25%; United Kingdom, -14%; France 
and Spain, +6%. It is likely that emissions in most of 
eastern Europe have declined since 1990, because of the 
decline in fossil fuel consumption, 28% from 1990 to 
1994 (Marland and Boden, 1997). The only location 
with a substantial increase in NOx emissions in the 
Northern Hemisphere is Asia, about 4%/yr from 1985 to 
1987 (Kato and Akimoto, 1992). The largest contribution 
to Asian emissions is that of China. Here emissions are 
unregulated and should parallel growth in fossil fuel 
combustion, � 7%/yr from 1990 to 1994. Emissions from 
China increased from 1.5 Tg N/yr in 1980 (Kato and 
Akimoto, 1992) to 3.1 Tg N/yr in 1994, based on fossil 
fuel growth statistics given by Marland and Boden 
(1997). During the same period, U.S. emissions remained 
constant at 6.3 Tg N/yr (EPA, 1996), and the U.S. 
contributed 30% to the global emissions of NOx from 
fossil fuel combustion in 1985, 21 Tg N, 90% of which 
are in the Northern Hemisphere (Benkovitz et al., 1996). 

Emissions of NOx from aircraft have increased 
significantly since 1970 and continue to increase. 
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Emissions ofNOx from aircraft were 0.30 Tg N in 1976, 
0.39 Tg in 1984, and 0.51 Tg in 1992, and are projected 
to be 1.26 Tg in 2015 (S. Baughcum, Boeing Company, 
U.S., personal communication, 1998). Slightly over half 
of the aircraft emissions take place between 9 and 13 
km in the Northern Hemisphere (Baughcum et al., 1996). 
There were regional differences in the increase in jet fuel 
consumption in the 1970s, 17% in the U.S. and 55% in 
western Europe, while the use increased about 35% in 
both regions in the 1980s (Logan, 1994 ). A significant 
fraction of the emissions are injected into the stratosphere 
in winter and spring, but in summer almost all emissions 
take place in the troposphere. 

The growth of civil aviation is expected to continue 
(BAe/Airbus, 1995; Boeing, 1997) as quoted in Brasseur 
et al. (1998), although the rates of growth are slowing 
with time (15% in the 1970s, 9% in the 1980s, to an 
estimated 5% from 2000-20 15). Growth rates are 
predicted to vary significantly for the different regions 
of the world. The differences in the average growth rates 
between the two forecasts are small compared to actual 
growth during this period: 225% (Airbus) or 270% 
(Boeing). Aviation consumes 2.3% of the fossil fuels 
used worldwide, of which about 80% is consumed by 
civil aviation. As a consequence of the improvements 
in engine and aircraft fuel  efficiencies, the fuel 
increase is 70-80% of the traffic increase. Military 
aircraft have traditionally used about 20% of the 
aviation fuel. With the reduction in military activity, 
less aviation fuel is used for this purpose, but it is 
difficult to predict future consumption levels due to a 
lack of fixed operational practices and flight patterns 
and because of national security. 

Two comprehensive inventories, Abatement of 
Nuisance Caused by Air Traffic/European Commission 
(ANCAT/EC) and National Aeronautics and Space 
Administration (NASA), have been developed in recent 
years and are widely used by atmospheric modelers. Both 
incorporate an extensive air traffic movements database, 
assumptions about flight operations, and a methodology 
for prediction of emissions over the entire flight. 
Comparisons of the fuel and NOx data, from the initial 
inventories of the two groups (Gardner et al., 1995 ; 
Wuebbles et al., 1993), showed significant differences 
that have been reported elsewhere (WMO, 1995). 
Recent revisions result in considerably closer agree­
ment (Gardner et al., 1997;  Baughcum et al., 1996; 
Metwally, 1995). 
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8.2.1.2 NoNMETHANE HYDROCARBONS 

A global source inventory of natural NMHC 
presented by Guenther et al. ( 1 995) on a 0.5 x 0.5 latitude/ 
longitude grid includes contributions from isoprene 
( 44% ) ,  monoterpenes ( 1 1 %  ), and other reactive (22 .5%) 
and less reactive (22 .5%) NMHC. The total terrestrial 
source flux estimated by Guenther et al. ( 1 995) is 1 1 50 
T g C/yr, which is at the upper part of the range of natural 
NMHC estimates (Table 8- 1 ) .  Muller and Brasseur 
( 1 995) and Houweling et al. ( 1 998) have implemented 
natural and anthropogenic NMHC representations in 
global models and concluded that such a large emission 
source would lead to a strong overestimation of the load 
of reactive carbon gases in the troposphere. This suggests 
that either the natural NMHC emissions have been 
overestimated or that a large fraction of these compounds 
and their oxidation products do not appear in the 
atmosphere as reactive carbon. 

NMHC emissions appear to be decreasing. In­
dustrial NMHC emissions (especially process emissions) 
are thought to have declined since the beginning of the 
1 970s .  From 1 970 to 1 9 80 ,  reductions of NMHC 
emissions ranging from 1 5% to more than 30% have 
been reported for northwest European countries .  The 
decrease in industrial NMHC emissions was, however, 
( over)compensated by an increase in NMHC emis­
sions by traffic. This is the reason why net NMHC 
emissions in Europe were still increasing in the 1 970s. 
B etween the beginning and middle of  the 1 9 8 0s ,  
NMHC emissions have leveled off. During the 1 990s 
NMHC emissions have been slowly declining as is the 
case for NOx emissions . According to the European 
Monitoring and Evaluation Programme (EMEP) emis­
sion inventory, from 1 989  to 1 994, NMHC emissions 
decreased by 2-5%/yr in many northern and western 
European countries .  It should be pointed out that for 
Europe as a whole reductions were less ,  because in 
many European countries pollution control measures 
were less stringent than in the northwest countries 
of Europe .  

8.2.2 Surface Ozone Trends 

The previous UNEP/WMO Assessment reviewed 
historical and contemporary measurements of ozone at 
remote surface sites .  That material is updated here . 
Tropospheric ozone trends vary regionally, with largest 
trends reported for Europe (Table 8 -2 ) .  Current 
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background monitoring sites are given in Table 8-3 . 
Marenco et al. ( 1 9 94) analyzed S choenbein 

measurements from Pic du Midi, France, from 1 874 and 
1 909.  Ozone concentrations were stable, about 1 0  ppb, 
for the first 20 years, followed by an increase of 1 .6%/yr 
for the next 1 5  years . Values of 1 0  ppb were reported 
also for a Paris suburb (Montsouris) for 1 87 6- 1 9 1 1  using 
a more quantitative method (Volz and Kley, 1 988 ) ,  
raising the question of the apparent lack of vertical 
gradient between the two datasets (Pic du Midi is 
located at 3000 m) . Marenco et al. ( 1 994) showed also 
that the Montsouris data, together with recent ob­
servations at Pic du Midi and observations from a few 
high-altitude European sites measured sporadically 
between 1 933  and 1 980,  imply that ozone has increased 
by 1 . 6%/yr for over 1 00 years . The recent meas­
urements from Pic du Midi show that ozone was 
approximately constant for 1 990 to 1 99 3 .  

Oltmans e t  al. ( 1 998) reported trends for remote 
sites and for selected ozonesonde stations that have used 
consistent measurement techniques (see Figure 8 - 1  and 
Table 8 -2 ) .  The largest increase has occurred at 
Zugspitze, Germany (3000 m), with a mean rate of about 
1 .5%/yr. Most of the increase took place in the late 1 970s 
and early 1 980s, and the trend for the first half of the 
period is nearly 5 times as large as that for the second 
half, 3 .06%/yr and 0 .63%/yr, respectively. A similar 
pattern is seen at the nearby sonde station of Hohen­
peissenberg in the lower and middle troposphere, with 
an increase in the late 1 970s and early 1 9 80s, and an 
insignificant increase in ozone in the 1 980s and 1 990s 
(Figure 8 - 1b) .  At Whiteface Mountain, New York, the 
ozone increase is 0.45%/yr, with a smaller increase in 
the later part of the record. Most non-urban monitoring 
stations for ozone in the United States show no significant 
trend in ozone for 1 980- 1 995 (Fiore et al., 1 998),  and 
the sonde stations in the U.S show no increase in ozone 
since 1 980 (see below) . Of the other remote surface sites 
in the Northern Hemisphere, only Mauna Loa, Hawaii, 
shows a significant increase, 0 . 35%/yr, most of which 
seems to have taken place prior to the early 1 980s .  There 
are small increases at Cape Point and at Cape Grim, in 
the Southern Hemisphere, but not at Samoa (Table 8-2). 

Ozone has decreased at the South Pole, with a trend 
of -0 .70%/yr since 1 975 .  The decline is largest in the 
spring, during the period of the Antarctic ozone hole 
(Chapter 4), and is likely influenced by the greater 
penetration of UV to the surface .  
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Table 8-2. Trends in surface ozone mixing ratios in percent per year. The 95% confidence interval is 
based on Student-ttests (Oitmans eta/., 1998; S. Oltmans, National Oceanic and Atmospheric Administra­
tion, U.S., personal communication, 1998). 

Station Period Annual Trend (%/yr) 

Barrow (70°N) 1 973- 1 997 0.30 ± 0 .22 
1 980- 1 997 -0.06 ± 0.34 

Zugspitze ( 4 TN) 1 978- 1 995 1 .48±0.5 1 
Whiteface Mountain ( 44 'N) 1 974- 1 995 0.45 ± 0.22 
Mauna Loa (20'N) 1 973- 1 997 0.36 ± 0 . 1 1  

1 980- 1 997 0 .0 1  ± 0.28 
Samoa ( 1 4'S) 1 976- 1 994 -0.26 ± 0 .38  
Cape Point (34'S) 1 983- 1 995 0.53 ± 0.34 
Cape Grim (4 1 'S) 1 982- 1 995 0 . 1 8±0. 14  
South Pole (90'S) 1 975- 1 997 -0.70 ± 0 . 1 7  

1 980- 1 997 -0.83 ± 0.24 

Table 8-3. Location, elevation, and period of observation of surface ozone measurement stations. 

Station Elevation Latitude Longitude Period of Present-Day 

(m) Observation 03 (ppbv)* 

Zeppelin Mountain, Spitzbergen 474 79'N 1 2'E 32 
Barrow, Alaska 1 1  7 l 'N 1 5TW 1 973 -present 27 
Areskutan, Sweden 1 240 63 .4'N 1 3'E 37  
Hohenpeissenberg, Germany 975 48'N 1 1  'E 1 970-present 45 
Zugspitze, Germany 2937 4TN l l 'E 1 978-present 49 
Sonnblick, Austria 3 1 06 4TN 1 3'E 47.5 
Pic du Midi, France 2877 43'N O'E 1 9 82-present 48 .5  
Niwot Ridge, Colorado 3000 40'N 1 06'W 1 990-present 
Bermuda 40 32'N 64'W 1 988-present 
Izafia, Canary Islands 2360 28'N 1 6'W 1 987-present 45 
Mauna Loa, Hawaii 3397 20'N 1 56'W 1 973 -present 4 1  
Barbados 45 1 3'N 59'W 1 989-present 20 
Samoa 82 1 4'S 1 7 1 'W 1 976-present 1 3  
Cape Point, South Africa 75 34'S 1 8'E 1 983-present 22 
Cape Grim, Australia 94 4 1 'S 1 45'E 1 9 82-present 25 
Syowa, Antarctica 2 1  69'S 40'E 1 989-present 20 
South Pole, Antarctica 2835  90'S 1 975-present 26 

* Mean 03 mixing ratio. In areas with relatively high NOx concentrations, 03 is partly destroyed by reaction with NO. This NO titration 
effect may be accounted for by regarding Ox (Oxidant= 03 + N02) instead of 03 (Guicherit, 1988; Kley et al., 1994). This means that 
the "real" ozone concentrations at some of the measuring sites may be somewhat higher. Data from Hov (1997) and Oltmans et al. 
(1998). 
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8.2.3 Ozone Trends above the Surface 

Measurements of the vertical distribution of ozone 
have been made with ozonesondes for about 30 years. 
The majority of sonde stations are located at middle and 
high latitudes ofthe Northern Hemisphere. Shorter time 
series are available for a few stations in the subtropics, 
tropics, and Southern Hemisphere. The primary source 
of results used here is analysis of ozone trends (WMO, 
1998) sponsored by SPARC (Stratospheric Processes and 
Their Role in Climate) and the IOC (International Ozone 
Commission), discussed in Chapter 4. The latter report 
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a detailed discussion of the quality of ozonesonde 
data. As part of the SPARC/IOC study, ozonesonde data 
were reevaluated and reprocessed by those responsible 
for the individual programs for the stations for which 
trends were analyzed, with the exception of the data for 
Wallops Island and Canada. The latter data were obtained 
from the World Ozone and Ultraviolet Data Centre 
(WOUDC), and the Canadian data are described by 
Tarasick et al. (1995). 

Two groups carried out independent trend analyses 
of the sonde data, Logan and Megretskaia of Harvard 
University (LM), and Taio, Choi, and Zhang of the 
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Figure 8-1. Panel (a): Annual average ozone mixing ratios (ppbv) for surface ozone measuring sites. The 

dashed line is the long-term average. The solid line is the linear least squares fit to the monthly anomalies. 

The linear trend and 95% confidence interval in percent per year is given with the plot for each location. 

(From Oltmans eta!., 1998.) Panel (b): Annual average ozone mixing ratios and trends from ozonesonde 

data for two layers in the troposphere {850-700 hPa and 500-300 hPa) at Hohenpeissenberg, Tsukuba 

(Tateno), and Wallops Island. (From Oltmans eta!., 1998.) 
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University of Chicago (TCZ). Trends were calculated 
by both groups for the period 1970-1996 and by one 
group (LM) also for 1980-1996.  The two groups used 
different data selection criteria and different statistical 
models, as discussed in WMO (1998).  They derive 
similar trends, however, and most of the differences are 
ascribed to the data selection criteria rather than to the 
statistical models . The trends are generally in reasonable 
agreement with results published earlier for somewhat 
shorter time periods by Logan (1994), Miller et al. 
(1995), Tarasick et al. (1995), Akimoto et al. (1994 ), 
Harris et al. (1997), Bojkov and Fioletov (1997), and 
Oltmans et al. (1998). 

Trends in tropospheric ozone derived by the two 
groups are shown in Figure 4-36  of Chapter 4 of this 
Assessment. The most obvious feature of this figure is 
that there are significant spatial variations in the 
magnitude and sign of the tropospheric trends . The 
largest increases, 5-25%/decade for 1970-1996, are found 
over Europe (Hohenpeissenberg, Pay erne, and U ccle) 
and extend from the surface to 300 mb. Bojkov and 
Fioletov (1997) analyzed trends relative to the tropopause 
location and found that the increase at Hohenpeissenberg 
is significant up to 1 km below the tropopause (which is 
located between 200 and 250 mb). Data from Japan 
show increases in ozone for 1970-1996 of 5-15%/decade, 
primarily below 500 mb; only Kagoshima shows an 
increase at 300 mb (Figure 8-2), which is well below the 
tropopause at this sub-tropical station. There is no 
evidence for such large increases over North America, 
as emphasized in WMO (1995). In the eastern U.S. 
(Wallops Island), the increase is less than 5%/decade. 
There has been no increase in ozone over Canada for 
1970-1996, with some evidence for a decrease; however, 
the Canadian data prior to 1980 is oflow quality (WMO, 
1998). The trends shown in Figure 4-36  derived by TCZ 
are less negative for the Canadian stations, more positive 
for the European stations and Wallops Island, and 
about the same for the Japanese stations, compared to 
those derived by LM. Part of this difference is caused 
by TCZ referencing the trend to ozone in 1970, and LM 
referencing the trend to the mean of the time series .  
Results from both groups for the tropospheric column 
trends in Dobson units (DU)/decade are in c lose  
agreement (WMO, 1998). Oltmans e t  al. (1998) report 
an increase of 15%/decade for Hohenpeissenberg for 
1968-1995 . They also find no trend at Wallops Island 
and results very similar to those in Figure 4-36  for Tateno 
(called Tsukuba in Figure 8-1 ). They analyzed only these 
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three stations, selected for the consistency of their record, 
and used the data at WOUDC. 

There is  a major change in trends for the period 
1980-1996 compared to 1970-1996 in Europe, as shown 
in Figure 8-2. There is no significant trend for Uccle 
and a marginally significant decrease for Hohen­
peissenberg in the middle troposphere for 1980-1996:  
only Payerne shows an increase, of about 10%/decade. 
There are concerns about the consistency of the tro­
pospheric data for Payerne in the 1980s (WMO, 1998). 
The trends for the later period are smaller because the 
increases in ozone occurred primarily before 1985 ,  and 
ozone values have not increased significantly since then, 
as shown in Figure 8-2. Two of the Japanese stations 
have increases of 5-15%/decade, not all of which are 
significant, while Tateno, with the best data record of 
the three stations, shows no trend in ozone. The Canadian 
stations show decreases of 2 to 8%/decade, and these 
are more reliable than the results for 1970-1996 because 
electrochemical concentration cell (ECC) sondes were 
used exclusively after 1980. Previous analyses of the 
Canadian ECC data also showed decreases (Logan, 1994; 
Tarasick et al., 1995 ;  Oltmans et al., 1998). In the U.S. , 
Wallops Island shows no significant trend, and Boulder 
shows a decrease of 5% /decade in the mid-troposphere 
since 1980. There is no significant trend in the middle 
troposphere at Hilo, Hawaii, since 1982, or in Lauder, 
New Zealand, since 1986.  Oltmans et al. (1998) find no 
significant trend in ozone for Hohenpeissenberg, Boulder, 
Wallops Island, Tateno, and Hila for 1979-1995 in the 
middle troposphere, in agreement with the results in 
Figure 8-2, while Bodeker et al. (1998) find no significant 
trend for Lauder. 

Trend data for tropical ozone are sparse. Limited 
sonde data from Natal, Brazil, suggest an increase of 
10-20%/decade in the middle and upper troposphere 
for 1978-1991, but the trends are significant only for 
400-600 mb (Logan, 1994). Few sondes were flown in 
1993 -1996 (V.W.J.H. Kirchhoff, Institute Nacional de 
Pesquisas Espaciais, Brazil, personal communication, 
1997), so that reliable trends cannot be determined for 
recent years. TOMS data have been used to infer the 
column of ozone in the lower troposphere off the west 
coast of South America (Jiang and Yung, 1996; Kim and 
Newchurch, 1996). Jiang and Yung (1996) find an 
increase in ozone in a very small region at 25'S west of 
South America to be 5-15%/decade for 1979-1993 . The 
same technique applied to the New Guinea area indicates 
a 1 %/yr increase in lower tropospheric ozone (Kim and 
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Newchurch, 1 998) .  The indirect methods used in these 
studies are subject to errors associated with retrieval 
efficiencies of the backscatter ultraviolet method at low 
altitudes (Hudson et al. , 1 995 ;  Kim et al.,  1 996).  

Data for southern midlatitudes are sparse .  Sonde 
data from Australia suggest no trend in ozone from 1 970 
to 1 990 (Logan, 1 994) . These data are presently under 
revision (R. Atkinson, Cooperative Research Centre for 
Southern Hemisphere Meteorology, Australia, personal 
communication, 1 998) and were not included therefore 
in the SPARC/IOC study. 

8.2.4 Are Recent Ozone Trends Consistent 
with Precursor Trends? 

Much of the focus of recent modeling of tro­
pospheric ozone perturbations since 1 970 has been on 
the influence of aircraft emissions (IPCC Assessment in 
preparation, 1 999). Predicted effects of aircraft on ozone 
are small, increases of a few ppbv (or �5%) in upper 
tropospheric ozone, for 0 .5  Tg N from aircraft. Assuming 
that 0 . 5  Tg N cause a 5% increase in ozone, the increase 
in aircraft emissions from 1 97 6 to 1 992 implies an 
increase in upper tropospheric ozone of less than 2%/ 
decade . This is smaller than the observed trends over 
Europe for 1 970 to 1 996, i .e . ,  5-25%/decade, and is not 
inconsistent with the lack of ozone trend observed in the 
upper troposphere over Japan and eastern North America, 
given the natural variability in ozone. 

Given that surface emissions ofNOx have changed 
little since 1 980, and that the predicted effects of aircraft 
on ozone are relatively small, it is not surprising that 
several locations in the Northern Hemisphere show no 
significant trend in ozone since 1 980 .  Several features 
of the trend are more difficult to explain, namely, the 
magnitude of the increase in Europe since the late 1 960s, 
the decrease over Canada, and the lack of a recent 
increase over Japan. From 1 970 to the mid- 1 980s, ozone 
increased about 30% over Europe.  The increase in ozone 
is larger than the increase in NOx emissions, as noted by 
Logan ( 1 994). To date there have been no 3 -D model 
simulations to address this issue, but model studies of 
the boundary layer over North America suggest that the 
fractional response of ozone is about one-third the 
fractional change in N Ox emissions (McKeen et al., 1 99 1 ;  
Jacob e t  al. , 1 993) .  The observed change over Europe 
was not seen over the United States, while there appears 
to have been increases in ozone over Japan, although 
the data are rather sparse .  Reasons for the ozone decrease 
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over Canada since 1 980 are also unclear. The decrease 
in stratospheric ozone could contribute, both in terms of 
providing a smaller stratospheric source and in terms of 
allowing higher photochemical loss of ozone because of 
the reduced ozone column. Again, a quantitative model 
assessment is lacking. The Japanese sonde station with 
the best record, Tateno, shows no trend in ozone since 
1 980.  This station might be influenced by the rapidly 
growing NOx emissions in Asia, but so far no effect on 
ozone is apparent. 

Three-dimensional model simulations are required 
to explore the causes of regional trends in ozone, and 
these have not been carried out (see Section 8 .5 ) .  Any 
trend in ozone caused by changes in precursors is 
superimposed on the interannual variability of ozone 
driven by dynamical factors, including stratosphere­
troposphere exchange. These types of simulations should 
be possible in the next few years, with models driven by 
assimilated data. 

The likely cause of any increase in tropical ozone 
is an increase in biomass burning. At present, there are 
few datasets to address this issue, for ozone, or for trends 
in the number of fires. Herman et al. ( 1 997), using TOMS 
aerosol data as a proxy for fire emissions of ozone 
precursors over the 1 980s, show a small increase over 
eastern Brazil, and none over southern Africa; a similar 
inference with TOMS aerosol data over Brazil is shown 
by Gleason et al. ( 1 998) .  Brazil is the only country for 
which Advanced Very High Resolution Radiometer 
(AVHRR) fire count data are available for several years, 
but intra-seasonal changes in sampling characteristics 
and uncertainties in detection algorithms have precluded 
compilation of a consistent dataset from which trends 
could be derived. Any increase in biomass burning is 
expected to be accompanied by an increase in gases 
such as' CO that are directly emitted by fires,  but 
calibrated time series  extending back to 1 9 80  are 
generally lacking. Surface data for the southern tropics 
and midlatitudes for 1 990- 1 996 show a decrease in CO 
(Novelli et al. , 1 998) .  

In  summary, the picture that emerges with respect 
to ozone precursor emissions seems to be consistent with 
the observed ozone trends, i .e . ,  a sharp increase in the 
1 970s and a less significant ozone increase during the 
1 980s and 1 990s .  At present, ozone growth rates seem 
to be close to zero or are slightly negative (Scheel et al. , 

1 997) . Major urban areas of the U.S .  show a decline in 
surface ozone (Fiore et al. , 1 998) .  



TROPOSPHERIC OZONE 

Table 8-4. Summary of major findings from campaigns in the Northern Hemisphere. 

Campaign Location 

PEM-West A East Asia/northern 
Pacific Ocean 

MLOPEX 2 Mauna Loa 
Observatory 

NARE North Atlantic 
Ocean 

POLIN AT 

NOXAR 

STRAT 

SUCCESS 

TOHPE 

PEM-West B 

North Atlantic 
flight corridor 

Tropopause region 
at 1 0" -70" N 

Sub-tropical 
upper troposphere 

Upper troposphere 
central U. S .  

Colorado 

East Asia/northern 
Pacific Ocean 

Key Findings 

Well-aged marine air maintains 
continental signature up to � 1 0  days. 

Asian plumes with 60-80 ppbv 03 
in the low troposphere over the Pacific. 

Sources of tropospheric NOx cannot 
yet be accurately defined. 

Continental sources important for 
03 in western Pacific troposphere. 

NMHC of minor importance for 
03 in N. Pacific troposphere. 

Free tropospheric net 03 formation 
� 1 . 5  ppbv/day (24 hr average). 

In low troposphere anthropogenic 
03 exceeds 03 transported by STE. 

Anthropogenic influence supported by 
alkyl nitrate measurements. 

Summertime pollution transports from 
N. America mostly confined to 
boundary layer. 

Pollutant plumes travel hundreds of 
km over N. Atlantic; strong H202 
formation can occur (>4 ppbv). 

Major aircraft exhaust signatures detected. 
Small fraction of NOx is oxidized 

to HN03 in plumes .  

Background NOx �20-200 pptv. 
Extended areas with NOx > 1 ppbv. 

Photolysis of acetone and peroxides from 
convective transports major OH source.  

NOx mostly from surface sources. 
Rapid uptake of HN03 by ice clouds . 

Measured NOJOH relation in agreement 
with theory. 

Model calculations overpredict OH 
by �50%, possibly due to 
heterogeneous chemistry. 

Troposphere throughout the Pacific 
Rim is influenced by Asian outflow. 

Confirmation that convection over 
land is and marine convection is not 
accompanied by significant lightning 
NOx production. 

Upper tropospheric NOY significantly 
influenced by lightning and aircraft exhausts . 

Measured NOY partitioning can be 
reproduced by photochemical model. 
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8.3 ANTHROPOGENIC PERTURBATIONS TO 
TROPOSPHERIC OZONE 

Much effort has been devoted to field campaigns 
to determine anthropogenic effects ofthe North American 
and Asian continents on the Atlantic and Pacific Oceans, 
respectively. Major field campaigns are listed in Tables 
8-4 and 8-5 . Regional campaigns have also been con­
ducted to assess urban influences on rural tropospheric 
ozone and reactive nitrogen, NMHC, OH, hydroperoxy 
radicals (H02), peroxy radicals (R02), and other 
photochemically active species .  

8.3.1 Northern Hemisphere 

Whereas ozone is a major focus of maj or field 
experiments, precursor species have been measured with 
improved accuracy and precision, thus increasing 
confidence in calculation of ozone-forming tendencies 
and regional budgets. This section summarizes advances 
and gaps related to assessing global ozone in two areas : 
(1) long-range transport and regional studies ;  (2) 
advances in the understanding of NMHC and reactive 
nitrogen chemistry and climatologies .  Assessment of  
progress in measuring and interpreting OH, H02, and 
R02 is covered in Section 8.6. 

8.3.1.1 TROPOSPHERIC OzONE AND TRANSPORT 

In the 1993 North Atlantic Regional Experiment 
(NARE) summertime intensive (Table 8-4), much ofthe 
ozone northeast of the American continent is attributed 
to North American emissions (Fehsenfeld et al., 1996). 
Although elevated CO is a tracer for the anthropogenic 
origin of the ozone, the sum of C 1-C4 hydrocarbons may 
be an even stronger indicator of the human input to 
photochemical ozone formation (Roberts et al., 1996). 
In some cases well-defined pollution plumes leave the 
North American continent at altitudes below about 2 km 
(Daum et al., 1996; Kleinman et al., 1996). Such plumes 
can travel hundreds ofkm over the North Atlantic, with 
up to 20 ppbv NOY, 480 ppbv CO, and 150 ppbv ozone. 
Hydrogen peroxide (H202) levels of 4 ppbv were 
encountered during NARE, with excursions to over 11 
ppbv (Weinstein-Lloyd et al., 1996). In the relatively 
cleaner free troposphere, H202 appeared to correlate 
strongly with the product of ozone and water vapor, 
consistent with our understanding of gas-phase H202 
formation under relatively NOx-poor conditions . Note 
that from surface sampling of ozone at Mace Head 
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(Ireland, 53"N, 9"W), it is deduced that surface de­
struction of ozone is effective. The seasonal ozone maxi­
mum occurs in spring, not during the summer North 
American maximum. 

Similar conclusions about transport of ozone 
downwind from a major continental source can be drawn 
from the trace gas measurements that were part of the 
APARE (East Asian-North Pacific Regional Experiment) 
NASA DC-8 PEM-West A (Pacific Exploratory Mission, 
September-October 1991) and PEM-West B (February­
March 1994) experiments. Typical profiles from the 
airborne lidar and in situ ozone instruments for the PEM­
West A campaign appear in Figure 8-3 . Westerly winds 
transported pollutant plumes with ozone mixing ratios 
of about 60-80 ppbv to the Pacific. These plumes were 
not always industrial in origin, but were sometimes of 
biomass-burning origin. Most Asian pollution was 
transported below 2 km altitude toward the North Pacific 
(Talbot et al., 1996), but significant transport also oc­
curred at 8-12 km (Gregory et a!., 1997). Hydrocarbon 
tracers confirm that most of the upper-level ozone 
originates from convectively transported pollution from 
Asia (Blake et al., 1996). However, acetylene/CO ratios 
indicate some contributions from larger distances farther 
away (Smyth et al., 1996). 

Stratosphere-troposphere exchange (STE) played 
a role in enriching tropospheric ozone levels during PEM­
West A; even at low latitudes ozone reached 40-60 ppbv 
as a result of this transport. However, at low latitudes 
and low altitudes in the western Pacific region during 
late summer and fall, easterly winds prevailed, carrying 
clean ozone-poor air (<10 ppbv) to the continent. This 
clean air is comparable to the low 03 concentrations 
recorded by balloonborne ozonesondes over the 
equatorial central Pacific by Kley et al. (1996). 

Mauna Loa, Hawaii (20"N, 156"W, at 3 .4 km 
elevation), is a ground station in the free troposphere 
that gives the chemical composition in a northeasterly 
trade wind regime (Atlas and Ridley, 1996). A 20-year 
surface ozone record has been obtained for Mauna Loa 
(Oltmans et al., 1996), showing that ozone is relatively 
abundant in the winter -spring half year, with a maximum 
reached in March through May. Trajectories show that 
this coincides with large-scale descending motion and, 
therefore, it is assumed that stratospheric intrusions have 
a large influence on the mean ozone concentration. 
Model calculations are in agreement with this assumption 
(Roelofs and Lelieveld, 1997). Polluted Asian air masses 
are indicated as contributors to the springtime maximum 
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Figure 8-3. Panel (a): Overall average 03 profile (AVG) for Pacific high-latitude region (40° -60°N, 150°E-
1600W), average 03 profile for STE-influenced air (SINF), and plumes with enhanced 03 (HPLU), shown 
relative to a reference profile (DISC = discriminator), i.e. ,  the average of 03 profiles in air relatively unaf­
fected by recent sources. Horizontal bars represent the 1-sigma standard deviation (Browell et at., 1996a). 
Panel (b): Overall average 03 profile (AVG) for western Pacific midlatitude region (20°-40°N, 110°·150°E), 
for background air (BKG), convective outflow (CO), STE influenced (SINF) and high 03 plume (HPLU). 
Panel (c): Ozone profiles for western Pacific low latitude air (0°·20°N, 110°-150°E), including clean Pacific 
03 profile (CP). Panel (d): Ozone profiles for low-latitude central Pacific region (0° -20°N, 150°E-160°W). 

(Oltmans et al. ,  1 996) ;  ambient ozone precursors, CO 
and NMHC, are highest at this  time (Greenberg et al. ,  

1 996) .  Periods of high NOY ( �2 ppbv) can persist for 
several days , which are traceable to Asia (Ridley et 

al. ,  1 997) .  

8.3.1.2 HYDROCARBONS AND REACTIVE NITROGEN 

The combined influence of anthropogenic and 
biogenic NMHC affects photochemical ozone formation 
in remote regions. These impacts have been evaluated 
in recent experiments; the following examples show that 
the influences can be detected near urban regions in 
midlatitude continental areas, as well as at sparsely 
populated high latitudes . 
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Measurements i n  the southeastern U . S .  during 
summer show that isoprene contributes more than half 
the hydrocarbon reactivity (Lawrimore et al., 1 995), with 
a large impact on ozone formation. Measurements by 
O ' Brien et al. ( 1 995)  suggest that isoprene nitrate 
formation may be important. If nitrates formed in 
isoprene and terpene chemistry efficiently partition in 
the aerosol phase (Hoffmann et al., 1 997), these processes 
would sequester NOx and suppress ozone formation. 

Solberg et al. ( 1 996) present several years of 
measurements of C 2 - C 5  NMHC and c arbonyl 
compounds at a number of European rural monitoring 
stations from the Arctic to the Mediterranean (79° -42°N 
latitude) . They conclude that releases of natural gas and 
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Figure 8-4. Percentiles and mean concentrations of observed carbonyl compounds during winter (3 months) 
and summer (4 months) at a number of European locations from the Arctic to the Mediterranean: Zeppelin 
Mountain (79' N, 12E'), Birkenes (58' N, 8'E), Rucava (56' N, 21 'E), Mace Head (53' N, 9'W), Waldhof (53' N, 
11 'E), Kosetice (50' N, 15'E), Donon (48'N, 7'E), lspra (46'N, 9'E), and Montelibretti (42' N, 13'E) (Solberg 
et a!., 1996). 

fuel evaporation are among the main sources of light 
hydrocarbons in Europe (Figure 8-4). During winter the 
fraction of carbonyls compared to C2-C5 NMHC is about 
5 - 1 5%; in summer this is close to 50%, consistent with 
the expected higher yield from NMHC oxidation. 

Recent measurements under semi-polluted con­
ditions confirm earlier speculations that nighttime 
peroxy radical formation may be important (Carslaw et 

al. , 1 997) .  This could contribute to significant OH 
formation, although at least an order of magnitude less 
than during daytime. Relatively high levels of nitrate 
radicals (N03) ( � 1 0  pptv) play an important role in 
nighttime chemistry under these conditions (Heintz et 

al. , 1 996).  
Measurements in the marine upper troposphere 

are not always consistent in providing evidence for 
anthropogenic influences on NOx and ozone. Reactive 
nitrogen measurements over the western North Pacific 
during PEM-West A indicate that a significant frac­
tion of NOY cannot be accounted for by the sum of 
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NOx+HN03+PAN (Smyth e t  al. , 1 996 ;  Singh e t  al. , 

1 996).  However, for PEM-West B, 85% of the total 
reactive nitrogen in the upper troposphere was accounted 
for by these constituents; model calculations showed that 
the remainder could be explained by pernitric acid 
(HN04), methyl peroxy nitrate (CH302N02), and alkyl 
nitrates (Thompson et al. , 1997a) .  

Measurements of nitrogen oxides close to the 
tropopause are important to assess the role of aircraft 
emissions and their contribution to ozone formation and 
radiative forcing of climate. Liu et al. ( 1 996) estimate 
that stratospheric N20 destruction was the source of25% 
of reactive nitrogen in the upper troposphere on PEM­
West A, lightning and convective transport of surface 
emissions contributed another 25%, and subsonic aircraft 
contributed about 50%. The climatology of NO and 
NOx prepared by Emmons et al. ( 1 997) has been aug­
mented by the NOXAR (Nitrogen OXide and ozone 
concentration measurements along Air Routes) ex­
periment. A B-7 4 7 aircraft equipped with instruments 
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for NO, nitrogen dioxide (N02), and 03 measurements 
(Brunner, 1998) operated from Zurich to destinations in 
the U.S. and the Far East. Large NOx plumes with 
concentrations of several ppbv were frequently observed 
in the vicinity of aircraft. Further, NOx concentrations 
up to more than 1 ppbv were observed over extended 
areas (1 00-1500 km); these were ascribed to continen­
tal pollution. The results of upper tropospheric NOx 
measurements from more than 500 flights for regions 
sampled between spring 1995 and spring 1996 are 
depicted in Figure 8-5 .  It is difficult to generalize about 
NOx sources. Jaegle et al. (1998) infer from the spring­
time SUCCESS experiment (SUbsonic aircraft: Contrail 
and Cloud Effects Special Study) that over the central 
U.S. , convectively transported surface NOx was the pre­
dominant upper tropospheric NOx source. 

The high latitude lower troposphere in the N orthem 
Hemisphere has been studied for many years because 
pollutants accumulate in this region during winter. 
Measurements in Svalbard (79" N, l 2" E) and Poker Flat, 
Alaska (65" N, 14TW), of03, PAN, and several important 
ozone precursors by Beine et al. (1997) and Herring et 

al. (1997) show that PAN decomposition at these loca­
tions in spring appears to be a significant NOx source. 
Whereas the NOx is probably mostly of anthropogenic 
origin, transported to the region as PAN, much of the 
NMHC may be natural. 

8.3.2 Southern Hemisphere : Effects of 
Biomass Burning on Ozone 

The striking feature of the Southern Hemisphere 
is the large- scale tropospheric ozone enhancement 
observed over the tropical Atlantic in the austral spring. 
High column ozone (50 Dobson units (DU) or more) 
extends from South America across the Atlantic, over 
Africa and at subtropical latitudes, to the Indian Ocean 
(Fishman et al., 1 990). Since the last Assessment (WMO, 
1995), the contribution ofbiomass burning on the African 
and South American continents during the dry season 
to this maximum (Browell et al., 1 996a; Fishman et al., 

1 996 ;  Thompson et al., 1996a,b) was confirmed by 
observations during the TRACE-A (Transport and At­
mospheric Chemistry near the Equator-Atlantic) and 
SAFARI (Southern African Fire-Atmosphere Research 
Initiative) campaigns . Key findings of these campaigns 
and other Southern Hemisphere experiments appear in 
Table 8-5 . 

Several issues not yet resolved during the SAFARI/ 
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TRACE-A campaigns are : (1) fire emissions of  trace 
gases over the southern African continent, based on 
remotely sensed fire counts and emis sions factors 
(Scholes et al., l 996b; Justice et al., 1996), were much 
lower than previously thought; for example, they were 
too low to support CO calculated by global models; (2) 
African savanna soils appear to be a greater source of 
biogenic NOx than previously estimated; (3) lightning 
NOx played a significant role in upper tropospheric ozone 
formation, but this is not yet quantified (Thompson et 

al., l 996a,b); (4) in southern Africa south of 20" S, an in 
situ, non-biomass-burning source may have dominated 
the local ozone budget (Tyson et al., 1997). 

During SAFARI/TRACE-A, the role of transport 
was clarified by a trajectory climatology (Garstang et 

a l . ,  1996)  and a global c irculation model study 
(Krishnamurti et al. ,  1996). Surface emissions are 
trapped in the lower atmosphere in a large-scale 
anticyclonic recirculation extending over hundreds to 
thousands of kilometers, leading to the accumulation 
of ozone and ozone precursors (Tyson et al.,  1996;  
Thompson et  al., 1996a). Elevation to the upper levels 
can only occur during periodic synoptic-scale dis­
turbances or at the beginning of the wet season, when 
convective activity commences. Exit from the African 
subcontinent occurs both to the west, where the dominant 
pathway is in the semi-permanent easterly wave and 
occurs below the 3 km stable layer, and to the east, as a 
rising plume below the 5-km stable layer. South of20" S, 
transport to the Indian Ocean is dominant, accounting 
for over 90% of the trajectory pathways, which explains 
high ozone concentrations observed over the Indian 
Ocean. Ozone downwind from African burning was 
detected over the western subtropical Pacific during the 
PEM-Tropics A field mission in September 1996 (Schultz 
et al., 1998). 

In Brazil, the presence of enhanced tropospheric 
ozone at the ozonesonde station of Natal has long been 
ascribed to biomass burning in the dry season (August­
October) (Logan and Kirchhoff, 1986). Observations 
(Kirchhoff et al., 1996) have shown that the difference 
between sites close to the biomass bum source region 
and a control site is greater in the lower 2 km than in the 
upper troposphere. The role of convective transport in 
contributing to elevated ozone over South America and 
the Atlantic, which had been predicted in earlier modeling 
studies (Thompson et al., 1997b), was confirmed from 
observations taken during the TRACE-A experiment. 
Following deep convection, downwind ozone production 
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Table 8-5. Summary of major f ind ings from campaigns in the Southern Hem isphere. 

Campaign 

CITE 3 

RIV 
Polarstern 
meridional 
transects 

SAFARI 

SOAP EX 

ACE- I 

SCATE 

PACE-I 
aircraft 
transects 

TRACE-A 

Location 

Western Atlantic 
Ocean 

Central Atlantic 
Ocean 

Southern Africa 

Tasmania 

Tasmania, marine 
boundary layer 

Antarctic marine 
boundary layer 

Western Pacific 
Ocean 

Brazil and 
Atlantic Ocean 

Key Findings 

Substantially greater lower tropospheric 
ozone (0-3 .3  km) in SH ( 1 3 . 5  DU) 
than NH (5 DU), due to long-range 
transport of biomass bum products and 
subsidence in South Atlantic anticyclone. 

Lower tropospheric ozone greater in 
NH than SH. 

Free tropospheric ozone (4-8 km) �120 
ppbv in SH and �50 ppbv in NH. 

Unable to distinguish between biomass 
burning and 03 of stratospheric origin. 

Total tropospheric ozone 40-56 DU, 
compared with background of 28 DU. 

Co-incidence with high CO, CH4, C02 
confirms 03 source as biomass burning. 

Trace gas emissions from savanna fires 
less than previous findings ( 1 4 .9  Tg CO 
and 1 .06 Tg NOJ. 

African savanna soils are a significant 
source of biogenic emissions . 

Baseline photochemistry in cloud-free 
clean boundary layer well characterized. 

Direct airborne OH measurements show 
very high OH above cloud; chemical 
OH sink in clouds is confirmed. 

DMS lifetime due to OH reaction confirmed. 
DMS oxidation by OH mostly in buffer 

layer, i .e . ,  above boundary layer. 

Low ozone (<20 ppbv) at equator due 
to photochemical destruction. 

Higher ozone (>50 ppbv) between 1 2-20°S 
where air originated over Australia. 

High-level outflow from Brazil contributes 
20-30% of excess tropospheric ozone 
in South Atlantic .  Low-level African 
outflow accounts for 70%. 

South Atlantic ozone maximum due to 
biomass burning plus long residence times 
in the atmosphere, deep convective activity, 
lightning and biogenic sources. 

Convective storms are responsible for 
redistribution of trace gases. Ozone 
production in cloud outflow region 
�7-8 ppbv/d. 
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(7-8  ppbv/day) was detected by ozonesonde meas­
urements in Natal and Ascension Island (Pickering et 
al. , 1 996).  

Ozone soundings taken at Cuiaba during the 
1 995  SCAR-B (Smoke, Clouds and Radiation-Brazil) 
(Kaufman et al. , 1 998) experiment showed much higher 
ozone , concentrations in the boundary layer than the 
Cuiaba soundings during TRACE-A. The reasons were 
both the amount of biomass burning (much higher in 
1 995  than in 1 992), as well as less deep convection and 
a stable boundary layer during SCAR-B . Traj ectory 
analysis and smoke aerosol, used as a tracer with ozone, 
showed some urban as well as biomass burning con­
tributions. 

Marked contrasts between the Northern and South­
em Hemisphere tropospheric ozone over the Atlantic 
Ocean are noted by Anderson et al. ( 1 993) and Weller et 
al. ( 1 996) ,  who reported on the CITE 3 (Chemical 
Instrument Test and Evaluation) and R/V Polarstern 
experiments, respectively. Substantially more lower 
tropospheric ozone is present in the southern tropics ( 1 3  .5  
DU between the surface and 3 . 3  km) compared with the 
northern tropics (5 .0 DU) (Anderson et al., 1 993).  Weller 
et al. ( 1 996) noted that in the Northern Hemisphere free 
troposphere, ozone mixing ratios seldom exceed 80 ppbv, 
whereas in the Southern Hemisphere there is a strong 
ozone summer and spring maximum (values up to 1 20 
ppbv) situated between 4 and 8 km in the tropics (0-
200S) .  

Tropospheric ozone enhancement in the Indian 
Ocean, downwind of biomass burning, is noted in the 
ozonesonde observations on Reunion Island (2 1 OS ,  5YE). 
Middle tropospheric ozone enhancements (>80 ppbv) in 
the September to November period, are linked through 
traj ectory analysis to regions of active biomass burning 
over continental areas to the west of Reunion (Baldy et 
al. , 1 996; Diab et al., 1 996). A similar seasonal behavior 
may occur over Indonesia, but there are fewer in situ 
observations to confirm this (Komala et al. , 1 996). 

8.4 KEY PROCESS ES I N  T HE 
T ROPOSPHERE 

8.4.1 Gas-Phase Processes 

In order to assess tropospheric ozone perturbations, 
mechanisms of formation and loss must be well defined. 
The basic steps have been known for some time and were 
described in the previous Assessment (WMO, 1 995 ;  
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Chapter 7) .  This section summarizes updates in processes 
affecting tropospheric ozone and OH. 

The temperature dependence of ozone photolysis 
(Talukdar et al. , 1 998) leads to oeD) formation rates 
being larger than previously believed; this means more 
rapid photochemical loss and greater OH formation, up 
to a factor of3 times greater in the free troposphere during 
the fall and spring. 

In the lower troposphere the formation of nitric 
acid (HN03) is a major sink ofNOx, competing with cy­
cling ofNOx that leads to ozone formation. A laboratory 
study by Donahue et al. ( 1 997) measured the room­
temperature rate constant of the reaction OH + N02 (+M) 
� HN03 (+M) to be 1 0-30% lower than determined by 
previous studies.  

The dominant fate of organic peroxy radicals is to 
produce alkoxy radicals (RO); RO formation is critical 
in OH-H02 cycling and ozone yields . However, RO can 
also decompose or isomerize, implying uncertainties in 
ozone formation. It is possible that during the oxidation 
of complex hydrocarbon molecules, more than one alkyl 
radical and, subsequently, several peroxy radicals and 
ozone molecules are generated. 

Donahue et al. ( 1 998)  reported the direct ob­
servation of OH formation in the flow tube reaction of a 
series of olefins with ozone. However, experimental 
work at atmospheric pressure in air by Schafer et al. 
( 1 997) gives evidence that OH radicals are not directly 
produced from the olefin-ozone reaction in the tropo­
sphere . In view of these conflicting results, the issue 
must be considered unresolved for the time being. 

Another significant update to OH and ozone 
mechani sms has b e en the finding that acetone 
(CH3COCH3) is  ubiquitous at concentrations up to 
several ppbv (Arnold et al . , 1 997) that render it a 
potentially important OH source in the free troposphere 
(Singh et al. ,  1 995) .  Acetone sources include biomass 
burning, direct biogenic emissions, and atmospheric 
NMHC breakdown. Acetone photodissociation yields 
CH302 and peroxyacetyl radicals, from which HOx and 
PAN are formed, respectively, with the latter a NOx 
source in the upper troposphere. With OH measurements 
in the upper troposphere now available from aircraft 
(Section 8 .6), modeling studies are better constrained in 
determining the significance of acetone photodissociation 
as an OH source .  Under conditions of the Stratospheric 
Tracers of Atmospheric Transport ( S TRAT) and 
SUCCESS experiments, acetone was a more important 
OH source than oCD) + H20 due to the low ambient 
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water vapor pressure (Jaegle et al . ,  1 997) .  Model 
calculations by Prather and Jacob ( 1 997) suggest that 
photolysis of peroxides, notably CH300H, that have 
been transported from the boundary layer by deep 
convection, contribute to OH formation as well. 

8.4.2 Uncertainties in Gas- Phase Processes 

Section 8 . 5 . 3  describes the propagation ofkinetics 
inaccuracies in model calculations. Although uncer­
tainties in many processes can be now be assessed, the 
chemistry of organic compounds remains a major source 
of uncertainty in chemical mechanisms affecting ozone 
and OH. Even the predictions ofhighly detailed explicit 
mechanisms derived completely from first principles are 
uncertain because, in spite of extensive recent research 
(DeMore et al., 1 997; Le Bras, 1 997; Atkinson et al. , 
1 998) ,  there continues to be a dearth of laboratory 
kinetics data. Although the rate constants for the primary 
reactions of OH, 03,  and N03 with many organic 
compounds have been measured, there have been 
relatively few product yield studies or studies aimed at 
understanding the chemistry of reaction products. 

There is little available data on the chemistry of 
compounds with carbon numbers greater than 3 or 4 and 
most of the chemistry of these compounds is based upon 
extrapolating experimental studies of the reactions of 
lower molecular weight compounds. The chemistry of 
intermediate oxidation products, including aldehydes, 
ketones, alcohols, and ethers, is particularly significant 
for biogenics like isoprene and terpenes (Stockwell et 
al. ,  1 997) .  The most recent detailed mechanism for 
isoprene underpredicts PAN by about 40% for isoprene/ 
NOx experiments even though PAN is predicted well for 
methylvinyl ketone/NOx and methacrolein/NOx 
experiments (Carter and Atkinson, 1 997). 

The reactions ofperoxy radicals (R02) can be im­
portant under nighttime conditions when nitric oxide 
concentrations are low. The R02-R02 reactions and N03-
R02 reactions lower PAN concentrations by about 40% 
and increase organic peroxide concentrations by about 
25% through their impact on nighttime chemistry (Stock­
well et al. ,  1 995 ;  Kirchner and Stockwell, 1 996, 1 997). 

8.4.3 Heterogeneous and Multiphase 
Processes 

Heterogeneous reactions are defined as those 
reactions that occur on the surfaces of aerosol particles 
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and droplets, whereas multi phase reactions are those that 
occur in a bulk liquid such as cloud water or deliquesced 
aerosol particles. It has been proposed, and in some 
cases, demonstrated through model sensitivity studies, 
that these processes have a significant effect on tro­
pospheric constituents. An evaluation of some of these 
processes is given in Ravishankara ( 1 997). 

Partic les  may affect gas-phase  tropospheric 
concentrations through both chemical and physical 
processes. Reactions occurring on aerosol particles or 
in cloud water droplets may have a significant effect on 
tropospheric constituents either directly, or indirectly 
through a perturbed radiation field (Baker, 1 997; Andreae 
and Crutzen, 1 997). Sedimentation of aerosol particles 
or rainout removes soluble species from the gas phase, 
leaving behind relatively insoluble species. The fol­
lowing is a summary of heterogeneous processes for 
which calculations or observations suggest some 
significance, but for which a complete assessment is still 
lacking: 

(a) Formation of ozone is suppressed by the removal 
of H02 radicals and highly reactive stable species such 
as formaldehyde (HCHO) (Lelieveld and Crutzen, 1 99 1  ). 
This process is thought to be most effective under clean 
conditions; Jonson and Isaksen ( 1 993) calculated an 
ozone reduction between 1 0  and 30% globally for NOx­
poor conditions. (Section 8 .6 .2  describes observations 
of H02 loss in clouds.) A study by Liang and Jacob 
( 1 997), however, derives an effect of merely about 3% 
globally on  tropospheric ozone through cloud removal 
of HOx. Zhang et al. ( 1 998) derive much larger effects, 
for example, in-cloud 03-formation reductions up to 
1 00%. Hence uncertainties remain large. 

(b) Dissolved transition metals such as copper, iron, 
and manganese may counteract ozone reduction effects 
by clouds. Calculations show that the ozone destruction 
rate by clouds is decreased by 45 to 70% for clean 
conditions (Matthij sen et al. , 1 995 ;  Walcek et al. , 1 997).  
In polluted areas with high NOx concentrations, the 
photochemical formation rate of ozone is also decreased 
(Lelieveld and Crutzen, 1 99 1 ) .  Matthij sen et al. ( 1 995) 
concluded that the reaction between Fe(II) and ozone 
increases the ozone destruction rate in polluted areas by 
a factor of 2 to 20 depending on the iron concentration. 
PAN may be converted to NOx through the scavenging 
of acetyl peroxy radicals by cloud water, even though 
PAN itself is not very soluble (Villalta et al. , 1 996) . This 
process tends to increase ozone concentrations. 
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Table 8-6. Processes affecting tropospheric 03 in global chemistry-transport models (Tg Oiyr). 

Model Stratospheric Dry Deposition 

Reference Input 

Muller and 550  1 1 00 
Brasseur ( 1 995) 

Berntsen and 846 1 1 78 
Isaksen ( 1 997) 

Levy et al. ( 1 997) 696 825 
Roelofs et al. 459 534 

( 1 997) 
Houweling et al. 768 68 1 

( 1 998) 
Wang et al. 400 820 

( 1 998a) 

Range 400-846 534-1178 

monitoring stations and at least 50% ofthe CO variability 
at some remote marine locations . This complicates 
assessment of ozone impacts of source changes in global 
models over time scales of only a few years (Novelli et 

al., 1 998) .  

8.5.2 lntercomparison of Gas-Phase 
Chemical Mechanisms 

Assessments with 3-D global models are limited 
by unknowns in the chemical schemes used. Further 
uncertainties in results come from the fact that a range 
of values is obtained by a set of models due to varia­
tions in photodissociation schemes .  In describing an 
intercomparison activity undertaken for the 1 995 Inter­
governmental Panel on Climate Change assessment 
(IPCC, 1 996), Olson et al. ( 1 997) showed that with 24 
models, using their own photolysis schemes, many 
differences could be attributed to differences in calculated 
photolysis frequencies, especially for 03, N02, HCHO, 
and H202. 

Kuhn et al. ( 1 998) extended the IPCC exercise to 
scenarios that are more typical for relatively polluted air 
on a regional scale; cases were selected to represent 
atmospheric conditions for Europe .  By prescribing 
photolysis frequencies, Kuhn et al. ( 1 998) ensured that 
differences in results from different mechanisms were 
due to gas-phase chemistry representations. Similar 
ozone concentrations resulted for the lower troposphere, 
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but deviations among ozone-forming tendencies were 
considerable : 1 5  to 3 8% depending upon the conditions. 
For the OH radical ,  noontime differences  among 
mechanisms ranged from 10 to 1 9%; for the N03 radical, 
a regionally important nighttime oxidant, differences 
were up to 40%. Calculated concentrations of other 
species like H202 and PAN differed considerably between 
the mechanisms . For H202 the root mean square errors 
of the tendencies ranged from 30 to 76%; some ofthis var­
iability was explained by the incorrect use of the H02 + 
H02 reaction rate constant (Stockwell, 1 995) and by 
differences in the treatment of peroxy radical interactions . 

8.5.3 Uncerta inties in Chemical Mechanisms 

Increasing effort has been given to uncertainty 
analysis of model reaction schemes as well as to inter­
comparison of models . These are based on recom­
mendations for the uncertainties associated with kinetic 
data by review panels, e .g . ,  the International Union of 
Pure and Applied Chemistry (IUPAC) (Atkinson et al., 

1 998)  and NASA (DeMore et al., 1 997), that evalu­
ate rate coefficients for use in atmospheric chemistry 
models. 

Several methods of analyzing how rate coefficient 
uncertainties propagate into model-computed mixing 
ratios have been used. The sensitivity of chemical 
concentrations to small variations in rate parameters, as 
in the direct decoupled  method (Dunker, 1 9 8 4 ;  
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Figure 8-6. Mean values and 1-a uncertainties of maximum incremental reactivity (MIR) values for selected 
hydrocarbons determined from Monte Carlo simulations (Yang et at. , 1995). 

McCroskey and McRae, 1 9 87), is one method that has 
been used for lower tropospheric studie s .  Ozone 
concentrations are particularly sensitive to the photolysis 
rates ofN02 and 03 and the formation and decomposition 
rates of PAN. The same conclusion was reached by a 
random variation of rate coefficients in a Monte Carlo 
approach (Stewart and Thompson, 1 996; Thompson et 

al. , 1 997a) .  The calculated ozone concentration is also 
sensitive to coefficients of reactions of peroxy radicals 
with NO, OH + CO, and OH + organic compounds, which 
are important sources of peroxy radicals (Stockwell et 

al. , 1 995) .  
Refinements to lower tropospheric Monte Carlo 

studies made by Gao et al. ( 1 996) with Latin hypercube 
sampling showed that the rate parameter for the reaction 
OH + N02 � HN03 is highly influential due to its role 
in removing NOx and radicals.  Ozone photolysis and 
the rate parameter for the reaction HCHO + hv � 2H02 + 
CO strongly influence radical sources .  For urban­
influenced conditions, Gao et al. ( 1 996) showed that 
uncertainties in peak ozone concentrations over a 1 2-
hour simulation vary from �20 to 50%. 

Monte Carlo analysis has also been applied to 
ozone-forming potentials for evaluation of maximum 
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incremental reactivities (MIR) due to variations in 
assumed organic composition (Figure 8-6) (Yang et al. , 

1 995) .  Relatively unreactive compounds tended to lead 
to greater ozone uncertainties than more reactive 
compounds because the latter reacted completely over 
the 1 0-hour simulation period. 

Monte Carlo calculations addressing inaccuracies 
in temperature-dependent rate coefficients yielded 
uncertainties of �20% and 40% for calculated ozone 
and H202 concentrations, respectively, in the upper 
troposphere (Stewart and Thompson, 1 996). Although 
NMHC complicate calculation of ozone and OH in the 
lower troposphere, addition of more complex NMHC 
chemistry to a methane and ethane-only kinetics scheme 
showed only small changes in computed mixing ratios 
in the upper troposphere (Thompson et al. ,  1 997a) .  

8.5.4 Global and Regional Ozone Budgets 

Recent global 3 -D model studies suggest that the 
amount of ozone that is photochemically produced in 
the troposphere amounts to about 3 500-4500 Tg/yr, 
which is largely balanced by chemical loss (e .g . ,  Muller 
and Brasseur, 1 995 ;  Berntsen and Isaksen, 1 997; Levy 
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This is confirmed by the Lamarque et al. ( 1 996) NOx 
"labeling" study, which showed that photochemical 
ozone formation in the Southern Hemisphere free tro­
posphere is mostly controlled by the natural lightning 
NOx source, except in the dry season, when biomass­
burning emissions augment ozone formation (Thomp­
son et al., 1 996a,b) . In the Northern Hemisphere the 
calculated free tropospheric NOx is largely determined 
by fossil  fuel  combustion, aircraft emis sions, and 
lightning (Lamarque et al., 1 996). 

Both regional and global chemistry-transport 
models are being employed to estimate exports from the 
polluted boundary layer in industrialized regions to the 
global environment. Ozone is formed over these areas 
from NMHC chemistry in the presence of NOx. With 
NMHC chemistry added to global models (Muller and 
Brasseur, 1 995 ;  Berntsen and Isaksen, 1 997), it appears 
that NMHC deplete OH in the vicinity of sources, in 
particular near natural sources that do not co-emit NOx 
(Houweling et al., 1 998) .  On the other hand, NMHC 
breakdown leads to intermediate species, such as acetone, 
that can release OH at greater distance from the sources 
(Singh et al., 1 995) .  This affects the global distribution 
of OH, for example,  by increasing the OH gradi­
ents between continental and marine environments 
(Houweling et al., 1 998) .  The global 3 -D model study 
of Wang et al. ( 1 998c) indicates that NMHC chemistry 
decreases the global abundance of tropospheric OH by 
1 5%, whereas Houweling et al. ( 1 998) conclude that the 
net effect on OH (and thus, e .g . ,  on methyl chloroform 
and methane) is only small . Hence this issue remains 
associated with important uncertainty. 

Although s ignificant amounts of ozone are 
transported from North America toward the western 
North-Atlantic region, this ozone mixes with natural 
ozone from the stratosphere in synoptic weather systems 
(Moody et al., 1 996). Nevertheless, especially over the 
western Atlantic Ocean, ozone, CO, and NOY show strong 
positive correlations, a clear signature of pollutant 
outflow from the U .S .  (Parrish et al., 1 993 ;  Chin et al., 

1 994; Atherton et al.,  1 996) .  Model simulations by 
Kasibhatla et al. ( 1 996) suggest that the summertime 
North Atlantic mid-troposphere contains at least 50% 
more ozone compared to natural levels, even though 
during summer net ozone destruction prevails in the 
marine boundary layer. Most net ozone production 
appears to take place during the period April-June in this 
area, with cross-Atlantic transport of pollutant ozone 
reaching a maximum during spring (Roelofs and 
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Lelieveld, 1 997).  
An important region of emerging pollutant emis­

sions is the rapidly developing southeastern part of Asia. 
Strong indications of significant photochemical pol­
lution have, for example, been reported by Liu et al. 

( 1 990) ,  Sunwoo et al. ( 1 994) ,  Chao et al. ( 1 996) ,  
Akimoto e t  al. ( 1 996), and Kok e t  al. ( 1 997). Industrial 
growth in rapidly developing countries, such as China 
and India, will perturb the atmosphere regionally in the 
next few decades (Elliot et al., 1 997). The degree to 
which this has global consequences depends on dynamics 
as well as sources. For example, the monsoon circula­
tion may enhance pollutant transports toward the free 
troposphere in (Northern Hemisphere) summer by 
convection and towards the Indian and Pacific Oceans 
during winter. If anthropogenic emissions from south­
ern Asia are transported toward the Inter-Tropical 
Convergence Zone (ITCZ), direct injection of ozone into 
the tropical upper troposphere could take place, leading 
to significant radiative forcing of climate . 

Berntsen and Isaksen ( 1 997) have calculated the 
contributions of several regions to the global tropospheric 
ozone budget. Europe is the largest source of photo­
chemically formed ozone with a net contribution of 
nearly 97 Tg/yr, followed by North America with 77 Tg/ 
yr. Asia appears to be developing strongly with a current 
net ozone flux of almost 65 Tg/yr. Berntsen and Isaksen 
( 1 997) calculate that the troposphere in the Northern 
Hemisphere, over the Atlantic and Pacific Oceans, is a 
region of strong net photochemical ozone destruction, 
mostly in the mid-troposphere . 

8.6 TROPOSPHERI C OH: M EASUREM ENTS, 
M ODELING, OXIDIZING CAPACITY 

8.6.1 Surface OH M easurements 

A breakthrough in the ability to evaluate the 
tropospheric oxidizing capacity and photochemical 
mechanisms has been the development of reliable 
instrumentation for in situ measurements ofOH and other 
oxidizing free radicals. In situ OH measurements and 
associated detailed studies of chemical OH production 
and destruction processes have been conducted in sev­
eral ground-based campaigns, including a major in­
tercomparison effort. During the Tropospheric OH 
Photochemistry Experiment (TOHPE) campaign in 
Colorado , it was confirmed that, especially under 
relatively clean conditions, OH is mostly controlled by 
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03 photolysis and the subsequent reaction of0(1D) with 
water vapor (e .g . ,  Mount and Williams, 1 997; Eisele et 

al. , 1 997). 
Under more polluted conditions, sufficient NOx is 

available to enhance OH levels through H02 recycling 
and increased ozone production. On the other hand, 
natural and anthropogenic NMHCs deplete OH in the 
vicinity of sources (Goldan et al. , 1 997). In the Northern 
Hemisphere, typical R02 levels (R02 = H02 + CH302 + 
higher peroxy radicals) in relatively clean continental 
air during the summer half-year are a few tens of pptv, 
while in more polluted air masses these levels can 
increase by more than a factor of2 (Cantrell et al. , 1 997). 
Hydroxyl measurements in the POPCORN (Photo­
Oxidant formation by Plant emitted Compounds and OH 
Radicals in North-Eastern Germany) field campaign in 
Germany confirmed that ozone photolysis is the primary 
OH formation pathway under most conditions, except 
during morning and evening hours when other HOx 
production pathways must be important (Brandenburger 
et al. , 1 998) .  Likely important OH precursor gases under 
these conditions are nitrous acid (HONO) and for­
maldehyde (HCHO) (Holland et al. , 1 998) .  

The comparison by Poppe et al .  ( 1 994) of model 
s imulations with OH measurements for rural and 
moderately polluted sites in Germany showed good 
correlation in rural environments,  with the model 
overpredicting OH by about 20%. Under more polluted 
conditions the correlation coefficient between ex­
perimental and modeled data is significantly smaller (r 

= 0 .6 1 )  and the model overpredicts OH by about 1 5%. 
Poppe et al .  ( 1 994) conclude that the deviations between 
model simulations and measurements are well within the 
systematic uncertainties of the measured and calculated 
OH due to uncertain rate constants. 

Penkett et al. ( 1 997) performed R02 measurements 
in clean marine air at Cape Grim, Tasmania, within the 
SOAPEX campaign (Southern Ocean Atmospheric 
Photochemistry EXperiment) . The average R02 levels 
encountered during summer were about 5 - l  0 pptv. 
Penkett et al. ( 1 997) derive simple relationships be­
tween R02 and J(0 1D), in line with predictions from 
photochemical theory, which offers credence to our 
knowledge of baseline processes. Also measurements 
of peroxides in this unpolluted marine location could be 
explained with a simple photochemical model, indicat­
ing that ozone destruction under NOx -poor conditions is 
consistent with modeled and measured levels ofperoxy 
radicals and peroxides (Ayers et al. , 1 996). 
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8.6.2 Free Tropospheric OH 

Hydroxyl radical and hydroperoxy and organic 
peroxy radicals in the free troposphere at Mauna Loa 
were measured during several periods of the year during 
Mauna Loa Observatory Photochemistry Experiment-2 
(MLOPEX-2) (Eisele et al. , 1 996; Helmig et al. , 1 996; 
Cantrell et al. , 1 996a,b) . The mean mid-day clear-sky 
values ofR02 + H02 were 20-25 pptv, much lower than 
expected from models (Hauglustaine et al. , 1 996b ) .  
Heterogeneous loss ofperoxy radicals on aerosols may 
account for part of the discrepancy (Cantrell et al . ,  

1 996b) . Measurements and calculations of free tro­
pospheric OH during spring and summer show rel­
atively good agreement, whereas air masses from the 
boundary layer (upslope wind conditions) show lower 
OH concentration than the model (Eisele et al. ,  1 996).  
An unidentified vegetative emittant may be the sink. 
Hydrogen peroxide measured at Mauna Loa is also low­
er than expected from theory (Heikes et al. , 1 996 ;  
Staffelbach e t  al. ,  1 996). 

The ER-2 STRAT (Stratospheric Tracers of At­
mospheric Transport) experiment over the Pacific  
included a number of tropospheric flight legs during 
which upper tropospheric OH and H02 measurements 
were performed (Wennberg et al., 1 998) .  Comparison 
with theory showed measured concentrations nearly 
always greater than expected from typical gas-phase 
photochemical mechanisms in most models .  One 
possible explanation is the photodissociation of acetone 
(Jaegle et al. , 1 997), a constituent for which upper 
tropospheric mixing ratios at northern midlatitudes are 
consistently about 0 . 5  to 1 ppbv (Singh et al. , 1 995 ;  
Arnold e t  al. , 1 997). Peroxides, injected from the surface 
by convection, may be another HOx source (Wennberg 
et al. , 1 998) .  The OH and H02, along with ambient NO 
measured during STRAT (typically 50-200 pptv), suggest 
an upper tropospheric ozone source of about 1 ppbv/day, 
which is significant in a region where the ozone lifetime 
is relatively long. This rate is comparable to upper 
tropospheric ozone formation in regions in which NOx 
is  enhanced due to biomass burning and lightning 
(Thompson et al. , 1 996a,b ) .  

Intermediate products ofNMHC breakdown, such 
as acetone, can play an important role as OR-producing 
agents (Singh et al. ,  1 995) .  A similar role is expected 
from formaldehyde and, to a smaller extent, from 
hydrogen peroxide . In particular, the oxidation of natural 
and anthropogenic NMHC can yield copious amounts 



of formaldehyde that, through its photolysis, could also 
play a role as an early morning source of free radicals 
(Fried et al., 1 997) .  Further, direct release of for­
maldehyde and hydrogen peroxides from biomass fires 
in the tropics may constitute an important source of free 
radicals (Lee et al., 1 997b; Folkins et al., 1 997). 

Mauldin et al.  ( 1 997) performed in situ airborne 
OH measurements in the lower marine troposphere 
during the first Aerosol Characterization Experiment 
campaign (ACE- I )  from October-December 1 99 5 .  
Significantly enhanced O H  levels were measured above 
clouds, i . e . ,  (8- 1 5) x 1 06 molecules cm-

3
, compared to 

(3-5) x 1 06 molecules cm-
3 

in cloud-free air. In-cloud 
OH levels were substantial, �7 . 5  x 1 06 molecules cm-

3
, 

due to enhanced photolysis rates from multiple re­
flections . However, these in-cloud OH levels could only 
be explained by assuming a significant aqueous chemical 
radical sink, consistent with predictions from modeling 
studies (Section 8 .4 .3 . ) .  

8.6.3 Global O H - Changes in Oxidizing 
Capacity 

Model-calculated global OH distributions are 
tested by simulating the emissions and distribution of 
methyl chloroform (MCF = CH3CC13) . MCF is also 
largely removed from the atmosphere by OH and its 
sources are relatively well quantified. On the basis of 
MCF simulations, a global mean OH concentration of 
about 1 06 molecules cm-

3 
has been inferred (Prinn et al.,  

1 995 ;  Krol et al., 1 998) .  
A recent study by Krol et al .  ( 1 998) has reassessed 

global OH changes based on MCF data. Prinn et al. 

( 1 995) showed that MCF measurements at five back­
ground stations (both hemispheres) during the period 
1 978- 1 993,  combined with accurate estimates of MCF 
emissions, can be used to determine a global OH trend. 
Although Prinn et al. ( 1 995) inferred that the global 
average OH trend over this period was close to zero, 
Krol et al. ( 1 998) use an alternative statistical technique 
and a more detailed model to show that the 1 5-year OH 
trend may be positive. For all five monitoring stations 
they derive an OH trend of 0.4-0 . 5%/yr (7% over the 
whole period) . Possible explanations for a positive trend 
include enhanced UV radiation penetration into the 
troposphere due to stratospheric 03 loss,  increasing 
tropospheric 03 formation, e .g . ,  from NOx emissions, 
and recent reductions of tropospheric CO (in particular 
in the Northern Hemisphere) (Granier et al. ,  1 996) .  
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These effects are opposed by the observed methane 
increase over this time period (Chapter 2). 

Hence, although tropospheric OH levels have 
probably decreased since preindustrial times (Crutzen 
and Zimmermann, 1 99 1 ;  Thompson, 1 992) the recent 
OH trend may be zero or positive. Some of these recent 
atmospheric changes, if correct, may be temporary. For 
example, it can be anticipated that stratospheric 03 
decreases will diminish in the next 1 0- 1 5  years . Fur­
thermore, it appears that CO and NOx emissions have 
recently decreased or stabilized in some countries, e .g . ,  
in northern middle latitudes, whereas emerging emissions 
from developing countries may continue to increase. 

8. 7 DEGRA DAT ION O F  CFC S U BST IT UT ES 

A large body of data pertaining to the atmospheric 
behavior of chlorofluorocarbon (CFC) substitutes is 
now available and has been extensively reviewed (e .g . ,  
WMO, 1 995) .  Since the last Assessment (WMO, 1 995), 
further insight into the detailed mechanisms for the 
tropo spheric degradation of hydrofluorocarbons 
(HFCs) and hydrochlorofluorocarbons (HCFCs) has 
been obtained. In particular, it has been shown that the 
reactions of fluorinated peroxy radicals with NO can 
involve a direct carbon-carbon bond cleavage channel. 
Another class of compounds, namely hydrofluoroethers 
(HFEs ), has recently been considered as possible CFC 
replacements, and the kinetics and mechanisms for the 
tropospheric degradation of a number of these com­
pounds have been reported. 

The potential environmental impact of CFC sub­
stitutes is determined mainly by the tropospheric 
lifetimes of the parent compounds and the halogenated 
carbonyl species formed as oxidation products. The 
general scheme for the tropospheric degradation ofCFC 
substitutes to halogenated carbonyl compounds is 
outlined below with the main emphasis placed on 
research carried out since the WMO ( 1 995) report. 

8. 7.1 Degradation Pathways 

Degradation ofCFC substitutes is mainly initiated 
by the gas-phase reaction with hydroxyl (OH) radicals . 
This process, which involves either H-atom abstraction 
or addition to an unsaturated compound, is the slowest 
step in the conversion of the CFC substitutes into the 
eventual oxidation products (such as C02, hydrogen 
fluoride (HF), hydrogen chloride (HCl), and halogenated 
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organic acids). There now exists a large database of rate 
coefficients for the reactions of OH radicals with CFC 
alternatives that is continuously evaluated (DeMore et 

al. , 1 997) and provides a means of calculating consistent 
tropospheric lifetimes for these compounds.  Moreover, 
this database allows rate coefficients to be estimated 
within a factor of about 2 for compounds for which there 
are no experimental data available. 

The reaction of halo carbons with OH radicals in 
air leads to rapid formation ofhaloalkyl peroxy radicals 
that react with three important tropospheric trace gases: 
N02, H02, and NO. The relative importance of these 
reactions is dictated by the rate coefficients for reactions 
with the peroxy (CX3CYZOO) radicals and their ambient 
concentrations (X, Y, Z = H, Br, Cl, or F). Reaction of 
haloalkyl peroxy radicals with N02 and H02 leads to 
the formation of the corresponding peroxynitrates 
(CX3CYZOON02) and hydroperoxides (CX3CYZOOH). 
These species appear to be rather short-lived and under­
go photolysis, thermal decomposition, or reaction with 
OH radicals, leading to the regeneration of peroxy 
(CX3CYZOO) or the formation of alkoxy (CX3CYZO) 
radicals (WMO, 1 995) .  

The reactions ofhaloalkyl peroxy radicals with NO 
have generally been assumed to result in quantitative 
formation of N02 and the corresponding haloalkoxy 
radicals (WMO, 1 995) .  However, studies on one of the 
most important CFC substitutes, CF3CH2F (HFC- 1 34a) 
have called into question this basic premise (Wallington 
et al., 1 996). This important question pertains to the 
fate ofthe alkoxy radical, CF3CFHO. The alkoxy radical, 
assumed to be formed with a yield close to 1 00%, may 
either decompose via carbon-carbon bond cleavage to 
give CHFO or react with molecular oxygen. Reaction 
with 02 forms CF3CFO, which, following uptake in 
clouds or surface water, is hydrolyzed to CF3COOH. 
The estimated atmospheric yield of CF3COOH due to 
emission of CF3CH2F thus depends critically on lab­
oratory measurements of the relative importance of the 
reaction with 02 and the decomposition. 

Experimental studies on the reactions ofCF3CHFO 
radicals have generally employed the self-reaction of the 
corresponding peroxy radical as the alkoxy radical 
source.  However, the study of the oxidation of HFC-
1 34a by Wallington et al. ( 1 996) also employed the 
reaction of CF3CHF02 radicals with NO as the alkoxy 
radical source .  The experimental results showed a 
reduced yield of CF3CFO, thereby implying that the 
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decomposition of CF3CHFO radicals is more favorable 
when they are generated from reaction of the peroxy 
radical with NO rather than from self-reaction of  
CF 3CHFOO radicals.  

From the above considerations, it is evident that 
calculations of  the yield of  CF 3CFO,  and hence 
CF3COOH, from the atmospheric oxidation ofCF3CH2F, 
based on experiments in which CF3CHFO radicals were 
generated from the self-reaction of CF3CHFOO, are 
likely to overestimate the yield of CF3COOH. Pre­
viously, the yield of CF3COOH obtained from the 
atmospheric degradation of HFC- 1 34a was calculated 
to be 29-36%. Incorporation of the results ofWallington 
et al. ( 1 996) into the model revises the yield down to 7-
20%. 

There has been further support (M0gelberg et al. 

1 997 ;  Manning and Sidebottom, 1 997) for the con­
clusions drawn by Wallington et a!. ( 1 996) .  These 
findings appear to be particularly relevant for systems 
where haloalkoxy radicals may react by both C-C bond 
fission and reaction with 02 . 

8.7.2 Reactions of Haloalkoxy Radicals 

The reaction pathways for haloalkoxy radicals 
ultimately determine the primary degradation products 
and depend on the number and chemical identity of the 
halogen atoms in the parent molecule . A number of new 
studies on the reaction ofhaloalkoxy radicals, including 
C3 and C4 compounds, have been carried out since the 
last WMO report ( 1 995) and have increased the un­
derstanding of haloalkoxy radical chemistry (Nielsen et 

al. , 1 994; M0gelberg et al. , 1 995a,b,c,d; Giessing et al. ,  

1 996; M0gelberg et al. ,  1 996; Chen et al. , 1 997;  Barry 
et al. ,  1 997).  A number of general conclusions con­
cerning the relative importance of the possible reaction 
pathways for haloalkoxy radicals may be drawn from 
the experimental data: 

(a) CX2Cl0 and CX2Br0 radicals eliminate a Cl or 
Br atom to produce CX20, except for CH2Cl0 and 
CH2Br0, where reaction with 02 to give CHClO and 
CHBrO is the dominant reaction. 

(b) CH2FO and CHF 20 radicals react with 02 to form 
CHFO and CF20. Loss of CF30 is largely determined 
by reaction with CH4 or NO to generate CF20. 

(c) RCH20 and RCHOR radicals (R = haloalkyl 
group) react with 02 to form the corresponding aldehydes 
and ketones, respectively. 



(d) RCCI20 and RCClFO radicals react predominantly 
Cl atom elimination to give the corresponding acyl 

chlorides and fluorides rather than by C-C bond fission. 

(e) RCF20 radicals undergo C-C bond cleavage to 
form CF20.  

RCHYO radicals (Y = Cl or F) have three important 
reaction channels :  C-C bond fission (producing CHYO), 
HCl elimination (giving haloacyl radicals), and reaction 
with (to form acyl halides) . The relative importance 
of the s e  three reaction p athways is a function o f  

0 2  pressure, and total pressure and will 
therefore vary considerably with altitude . 

8.7.3 

Halogenated carbonyl compounds are generated 
in the from the of all CFC 
substitutes and undergo chemical or physical 
transfonnation in the troposphere . 

The final tropospheric degradation products ofthe 
CFC substitutes are thus HF, oxides of carbon, and 
halogenated carboxylic acids . Although atmospheric 
chloride and fluoride production from CFC substitutes 
is insignificant compared to natural s ourc e s ,  some 
concern has been expressed about the environmental 
impact of halogenated carboxylic acids, particularly 
trifluoroacetic acid (TFA) (AFEAS ,  1 994a,b ). Tri­
fluoroacetic acid is chemically very stable and has no 
known abiotic sinks in the environment. It has been 
suggested that the acid could accumulate in seasonal 
wetlands (AFEAS,  1 994a,b) . However, at the levels 
predicted to aris e  from the use of CFC sub stitutes ,  
trifluoroacetic acid is  unlikely t o  have any impact on 
micro-organisms, plants, or animals .  

8.7.4 Hydrofluoroethers (H FEs) 

Kinetic studies on the reaction ofOH radicals with 
a variety of HFEs have been reported in the literature 
(Zhang et al. , 1 992;  Garland et al. , 1 99 3 ;  Orkin et al. , 
1 994; Hsu and DeMore, 1 99 5 ;  O ' Sullivan et al. , 1 997;  
Wallington et al. , 1 997,  1 998) .  The experimental results 
indicate that hydrofluoroethers are significantly less 
reactive than the parent (fully hydrogenated) ethers and 
that, as for HFCs, their reactivity depends to a large extent 
on the number and positions of fluorine atoms in the 
molecule . This large variation in reactivity yields 
tropo spheric lifetimes for removal by OH radicals that 
are as short as 45 days (CF3CH20CH3) and as long as 7 5  

8.29 

TROPOSPHERIC OZONE 

years (CF30CHF2) . Nevertheless, the activating effect 
of the oxygen atom in HFEs means that, in general, the 
tropospheric lifetimes for HFEs are considerably shorter 
than the structurally analogous HFCs.  

There have also been several investigations on the 
oxidation of HFEs (O' Sullivan et al. , 1 997;  Wallington 
et al. , 1 997,  1 998) .  The experimental evidence to date 
suggests that the behavior of the alkoxy radicals formed 
in the o x idation of hydrofluoro ethers is entirely 
analogous to the alkoxy radicals generated from the 
oxidation of non-fluorinated ethers . For example, the 
alkoxy radicals CF3CH20CHOCF3 and C4F90CH20, 
generated fro m  C F 3 CH20CH2CF3  and C4F 9 0 CH3 
r e s p e c t i v e ly, react t o  p r o du c e  the format e s  
CF3CH20CHO and C4F90CHO . Unfortunately, there i s  
n o  data available concerning the reaction rates of these 
products with OH radicals or their photolysis rates .  
However, since formates are considerably less reactive 
towards OH radicals than their parent ethers, one can 
assume that these fluorinated formates are likely to be 
similarly unreactive. On this basis, it seems that reaction 
with OH radicals is  not likely to be a significant loss 
process for fluorinated formates .  Uptake by clouds and 
rainwater followed by hydrolysis to produce fluorinated 
organic acids is the most likely scenario.  

8.8 AVIAT ION AND T HE GLOBAL 
AT M OSPHERE 

Air traffic in the upper troposphere and lower 
stratosphere has reached a volume where the emissions 
of gases and particles may be affecting the physical and 
chemical properties of the atmosphere in a maj or way 
(Schumann, 1 997;  Derwent et al. , 1 99 8 ;  Friedl, 1 997;  
Brasseur et al. , 1 998) .  An update of the atmospheric 
impact of subsonic aircraft since the last ozone As­
sessment (Chapter 1 1  in WMO, 1 995)  will appear in a 
dedicated IPCC-sponsored Assessment (IPCC, 1 999), to 
which the reader is referred. 

8.9 CONCLUSIONS 

The reader is referred to the Scientific Summary 
in the beginning of this chapter for a recapitulation of 
the Chapter 's  maj or points.  The following paragraphs 
discuss some uncertainties and areas for which the next 
Assessment may show advances .  

Ozone trends continue to be difficult to establish 
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on a global basis due to the unevenness of monitoring 
sites and inconsistencies among instrumentation used. 
A recent balloonsonde intercomparison has shed some 
light on the latter issue . Tropical ozonesonde sites are 
gradually coming on line, but the midlatitude Southern 
Hemisphere remains undersampled. 

The capability for measuring a large number of 
relevant trace gases with the required sensitivity and 
accuracy in field campaigns has improved greatly. 
However, extending free tropospheric measurements 
from aircraft, mountain sites, or balloons to larger regions 
requires an increased interaction with models .  Recent 
and near-term developments in remote sensing of 
tropospheric ozone and ozone precursors are showing 
great promise. 

Measurement campaigns in the North Atlantic and 
North Pacific have demonstrated the strong impact of 
anthropogenic emissions throughout the troposphere . 
Aircraft measurements have shown that pollution plumes 
from eastern Asia and North America travel large 
distances over these oceans, especially in the lower 
troposphere. The complexity of upper tropospheric NOx 
sources has been elucidated in a number of experiments. 
Sources from aircraft, the stratosphere, surface pollution, 
and lightning have all been identified. Global models 
have constrained the total lightning source to 20 Tg N/ 
yr, probably less than 1 0  Tg N/yr. Still, it is not possible 
to assign the fractional budget of NOx sources within a 
given region with a high degree of certainty. 
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